Approximately 500 closely spaced pelagic sediment samples, representing the latest Miocene, middle Miocene, Oligocene/ Miocene boundary, and mid-Oligocene, were obtained from two sites on the Ceara Rise. Inductively coupled plasma emission spectroscopy was used to measure the concentrations of Al, Ca, P, K, Si, Ti, Ba, V, and Cu. Normalization by Al was used to allow for variable carbonate dilution of the siliciclastic components. For comparison, Holocene hemipelagic silty clay samples from the Amazon Fan were also analyzed. The elemental ratios were used to infer varying sediment compositions and surface productivity.
INTRODUCTION
Drilling at five sites on the Ceara Rise during Ocean Drilling Program (ODP) Leg 154 provided a nearly complete record, at the tens of thousands of years scale, of pelagic sedimentation since the midPaleocene ( Fig. 1 ; Curry, Shackleton, Richter, et al., 1995) . The cores were collected from a depth transect of 1.5 km to investigate the paleoceanographic and paleoclimatic history of the equatorial Atlantic and South America. This study attempts to characterize the variations in the composition of the sediments by using inorganic elemental ratios. Four time intervals have been selected for sampling from cores from a relatively shallow site on the Rise, Site 926 (currently at a water depth of 3600 m). Additionally, samples have been obtained for the oldest time period at the deepest site (Site 929 at 4360 m water depth). The samples have been analyzed for a suite of elements using inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
Individual 10-cm 3 samples were collected at 10-cm intervals. The time intervals represented by the samples are the latest Miocene, the middle Miocene, the Oligocene/Miocene boundary and the late early Oligocene to early late Oligocene (henceforth described as Òmid-Oligocene;Ó Table 1 ). Sediment compositional variations have been monitored through normalization of elemental concentrations by aluminum. This method permits the examination of changing siliciclastic mineralogy and surface productivity, although the interpretations of particular elemental ratios is not always straightforward. The sampling strategy has allowed the study of variations in these factors over time scales of both tens of millions of years and tens of thousands of years.
Since the mid-Oligocene, there have been major paleogeographical changes in the western equatorial Atlantic. In particular, the Ceara Rise has subsided as the Atlantic widened from about 6150 to 6470 km along the line of the equator . Sea level has varied substantially (Haq et al., 1987) and the carbonate compensation depth has changed, whereas the extensive Miocene epeiric seas of South America were replaced by terrestrial conditions. The growth of the Amazon Fan in the latest Miocene was perhaps associated with rapid uplift of the Andes (Castro et al., 1978; Benjamin et al., 1987; Rasanen et al., 1995; Webb, 1995) . All these events may have affected the sediment compositions examined here.
ANALYTICAL METHODS
The elemental concentrations of Al, Ba, Ca, Cu, K, P, Si, Ti, and V were determined using a Perkin Elmer Plasma 40 ICP-AES. About 5 g of sediment was crushed using a pestle and mortar and then airdried at 105°C. Lithium metaborate (1.25 g) was mixed with 0.25 g of sample powder in a graphite crucible and placed in a muffle furnace at 1050°C for 20 min. The melt was tipped into 3.5% nitric acid and mixed until complete dissolution had occurred (after 30 min to 1 hr). The solution was filtered to remove any carbon particles from the crucible and made up to 250 µL with distilled water. Calibration was based on four international rock standards (CANMET LKSD1 through 4). Background correction was applied during analysis to minimize potential matrix effects. A monitor solution was run after every six unknown solutions to allow correction for drift. Accuracy and precision is presented for each element in Table 2 . The results are expressed as elemental (not oxide) concentrations in percentages for the major elements and in micrograms per gram, or parts per million, for the minors (Table 3) . Copper and vanadium values were detectable, but below the limits of quantitation (i.e., ten times the standard deviation of the blank: 100 µg/g for Cu and 250 µg/g for V) in virtually all samples. Because these elements were detectable, but not accurately quantifiable, the results for Cu and V are presented in Table  3 , but have not been illustrated. A correlation matrix for the elemental concentrations is presented in Table 4 .
Calcium carbonate determinations were performed on splits of 37 samples from Core 154-926B-17H at the University of Stockholm by J. Backman. A 30-mg sample was dried and crushed using a Retch mill grinder. Analysis was performed using a UIC CO 2 coulometer and the results are listed in Table 5 .
ELEMENTAL RATIOS AS MONITORS OF SEDIMENT COMPOSITION AND ENVIRONMENTAL PARAMETERS
The pelagic sediments of the Ceara Rise consist of nannofossil oozes and chalks that alternate, on a decimeter-to-meter scale, with clayey nannofossil oozes and chalks. The causes of these variations in carbonate contents are unclear, but are at least partly related to carbonate dissolution as revealed by foraminifer preservation (Pearson et al., this volume) . Whatever processes were responsible for the carbonate fluctuations, their regularity is diagnostic of indirect control by orbital-climatic cycles (Weedon, et al., this volume) .
To allow for the substantial variations in carbonate content, normalization of the element concentrations by aluminum has been employed (Shimmield and Mowbray, 1991; Norry et al., 1994) . This procedure relies on the presence of aluminum in the non-carbonate (principally clay mineral) fraction. Although it is not suggested that the average content of aluminum in the non-carbonate fraction was constant, it can reasonably be assumed that it varied by a much smaller factor than bulk carbonate contents. Support for the assertion that aluminum is associated with the siliciclastic fraction of these sediments comes from the very high correlation (Table 4) with Si, Ti, and K and the inverse correlation with Ca as illustrated in Fig. 2 .
Since the composition of the siliciclastic fraction of the sediments is the main subject of this study, samples were analyzed from the Holocene Amazon Fan. The Amazon Fan is not active during the current sea level high-stand. Therefore, three samples that date from the last glacial maximum were obtained from hemipelagic silty clay on a channel levee from Site 942, ODP Leg 155 (Flood, Piper, Klaus, et al., 1995) . The current water depth of this site is 3350 m so it would have been very close to the carbonate compensation depth at 18 ka. The Ceara Rise and Amazon Fan currently underlie a low productivity zone; the fan samples provide an indication of near-Holocene fine-grained siliciclastic sediment compositions (Table 3) . The elements chosen for study are inferred to act, once normalized by aluminum, as proxies for sediment composition and paleoceanographic parameters following the strategy of, for example, Shimmield and Mowbray (1991) . Many factors can influence elemental ratios, so each element is considered in turn.
In pelagic sediments, potassium resides almost exclusively in clay minerals and in particular within illite (Van Buchem et al., 1994) . Absolute potassium concentrations are strongly correlated with Al and Ti (Table 4 ; Fig. 2 ). Titanium resides within heavy minerals such as ilmenite and rutile and within clay minerals. Consequently, the Ti/Al ratio provides an indication of the relative proportions of heavy minerals in the siliciclastic fraction and variations in clay mineralogy (Schmitz, 1989; Shimmield and Mowbray, 1991) . The association of Ti with the siliciclastic components explains the high correlation with Al, Si, and K, and the inverse correlation with Ca in Table 4 .
Barium is deposited in pelagic sediments as biogenic barites, and is incorporated structurally within biogenic calcite and in clay minerals (Dymond et al., 1992; Lea and Spero, 1994; Gingele and Dahmke, 1994) . Consequently, high barium concentrations can follow other productivity proxies. As an example, Ba/Al values from recent sediments were used to monitor productivity variations over tens of thousands of years off the coast of Oman (Shimmield and Mowbray, 1991; Weedon and Shimmield, 1991) . Since barium occurs in siliciclastic minerals, however, an estimation of detrital Ba/Al values is needed. In the three Amazon Fan samples analyzed, the ratios ranged from 0.0032 to 0.0034, whereas average values for siliciclastic minerals are 0.005 to 0.01 (Dymond et al., 1992) . Sulfate reduction can cause barite dissolution (Brumsack and Gieskes, 1983) . At Sites 926 and 929, pore-water sulfate concentrations are moderately reduced compared to seawater (Curry, Shackleton, Richter, et al., 1995) . Because some sulfate reduction has occurred in Ceara Rise sediments, the Ba/Al ratios measured may have been lowered during diagenesis. Therefore, in this study, values that are higher than detrital values (i.e., above 0.01) have been taken as indicative of enhanced productivity. Using all the samples examined here, Ba concentrations are weakly negatively correlated with the siliciclastic elements Al, K, and Ti (Table 4 ). This inverse relationship suggests that, on average, most Ba in Ceara Rise sediments is not associated with clays As phosphorus is a limiting nutrient in the oceans and is associated with organic matter, phosphorus concentrations in sediments have been used to monitor changing surface productivity (Filippelli and Delaney, 1994) . Pauses in sedimentation and hiatuses can lead to phosphorus remobilization and authigenic concentration at discrete horizons. However, at Site 926, sedimentation rates were relatively high and there is no evidence of hiatuses (Curry, Shackleton, Richter, et al., 1995) . Similarly, dysoxic and anoxic bottom waters can lead to increased recycling of phosphorus into the water column, which decreases the proportion buried (Van Cappellen and Ingall, 1994 ). Yet on the Ceara Rise, there is no evidence for laminated sediments; all of the pelagic sediments are thoroughly bioturbated, and the organic carbon concentrations are consistently very low (<0.25%; Curry, Shackleton, Richter, et al., 1995) . Some P is incorporated in detrital minerals, and here it is weakly positively correlated with Al, Si, Ti, and K (Table 4) . Hence, as for barium, a comparison with the Holocene Amazon Fan samples has been used to assess whether particular values indicate enhanced productivity Silicon is strongly correlated with the siliciclastic elements Al, Ti, and K, reflecting its presence in clay minerals and, probably minor, quartz. Potentially, though, the Si/Al value could depend partly on concentrations of biogenic opal (Lyle et al., 1988; Charles et al., 1991) . Indeed, diatoms and radiolaria were observed forming significant proportions of the lower Miocene and lower Oligocene sediment, although no chert was encountered (Curry, Shackleton, Richter, et al., 1995) . Although the occurrence of biogenic silica can be indicative of high productivity, the factors that control the concentrations in ancient sediments are complex (Archer et al., 1993) . For example, silica dissolution in carbonate-rich sediments during burial is a function of absolute silica concentrations. Therefore, in the case of sediments that received a constant flux of biogenic silica, but variable carbonate, Si/Al ratios, or silica expressed on a carbonate-free basis, would yield a spurious variation related to the effect of carbonate concentration upon silica dissolution (Archer et al., 1993) . This would produce a covariation of carbonate and Si/Al values. In such situations other proxies such as Ba/Al and P/Al are needed to check that the Si/Al variations include a productivity component.
Vanadium has been observed at a concentration well above that of "average shale" in strata associated with reduced bottom-water oxygenation and under areas of high productivity (Brumsack, 1986; Arthur et al., 1989) . Elevated V deposition appears to be associated with binding to organic matter. However, in all the samples analyzed, vanadium occurs at levels below the limit of quantitation. Copper is also associated with sediments containing high organic carbon concentrations associated with areas of high productivity (Arthur et al., 1989) . As for vanadium, concentrations are always below the limit of quantitation. For both of these elements, the low concentrations are probably connected to the very low total organic carbon contents in the cores examined, caused by thorough ventilation during bioturbation. The V and Cu concentrations are recorded in Table 3 , but since these elements occur in detectable, but not accurately quantifiable levels, they are not illustrated and are not discussed further.
Part of the scatter observed in the plot of Ca vs. Al for all samples (Fig. 2 ) might reflect the presence of calcium within clays and long term changes in clay mineralogy. However, there is evidence for a linear relationship between Ca/Al and carbonate divided by non-carbonate in Core 154-926B-17H, and when plotted stratigraphically, this ratio covaries with %CaCO 3 (Fig. 3) . Hence, we have used plots of Ca/Al as indicative of carbonate contents over short stratigraphic intervals.
RESULTS

Long-Term Changes in Elemental Ratios
To gauge the long-term changes in the elemental ratios, all of the results are plotted for Site 926 in Figure 4 . For comparison, the vertical dashed lines indicate the ratios determined for the Holocene Amazon Fan samples.
The estimated average carbonate contents since the mid-Oligocene show small changes over millions of years in terms of variance and average values. This may be partly related to changing dissolution on the seafloor associated with the depth of the lysocline and/or to changing dilution by the siliciclastic flux. Average barium ratios in the latest Miocene and middle Miocene are essentially identical to the Holocene Amazon Fan hemipelagic silty clay. At the Oligocene/Miocene boundary and in the mid-Oligocene, the ratios are considerably higher, probably because of much higher productivity. This is confirmed by the very similar pattern found for phosphorus ratios. Silica concentrations are not especially elevated at these times of supposed high productivity when compared to the values for the Holocene Amazon Fan samples.
The average K/Al value of the latest Miocene samples is considerably higher than that from the older material, but similar to the Holocene fan sediment. This probably indicates an increased proportion of illite in the siliciclastic fraction in the late Miocene. Similarly, average Ti/Al values are highest in the same sample run and again match the Holocene results. This may result from the change in clay mineralogy inferred from K/Al data and/or an increased proportion of heavy minerals in the clastic fraction of the sediments. For both elements, these long-term changes in average values are simply explained by the growth of the Amazon Fan in the late Miocene (Castro et al., 1978) . This corresponded to a time when the clay minerals of Ceara Rise sediments switched from predominantly kaolinite to illite and the mass accumulation rate of non-carbonate material increased substantially (Curry, Shackleton, Richter, et al., 1995) .
Short-Term Changes in Elemental Ratios
Each run of samples collected at 10-cm intervals allows investigation of the variations in elemental ratios, representing changing sediment composition, over periods of tens of thousands of years. Correlation coefficients between Ba/Al and other ratios are cited in the captions to the figures, which show the stratigraphic positions of the ratios. Where sufficient analyses are available, the data have been subjected to spectral analysis based on the Discrete Fourier Transform (methodology in Weedon et al., this volume) .
Latest Miocene
In Core 154-926B-17H, pronounced variations in carbonate content suggested by Ca/Al values (Figs. 3, 5A) are also recorded by variations in %550 nm light reflectance and magnetic susceptibility and relate to regular orbital-climatic forcing (Curry, Shackleton, Richter, et al., 1995) . Barium ratios are so similar to the Holocene values that a predominantly detrital source is likely (Fig. 5A) . However, there is a moderate correlation with inferred carbonate contents (Fig. 5A ), suggesting that a small productivity signal is superimposed on the detrital background. It is possible that these Ba/Al values were lowered by dissolution of barites during diagenetic sulfate reduction. The average Si/Al and P/Al values are also similar to the Holocene siliciclastics ratios. However, these ratios are weakly correlated with Ba/Al, so a small productivity signal is indicated.
Note: Major elements (Al, Ca, P, K, Si, and Ti) reported as percentage elemental (not oxide) concentrations and minor elements (Ba, V, and Cu) reported in ppm. 
Middle Miocene
Ca/Al results from Core 154-926A-26H (Fig. 5B) show that although inferred carbonate variations are pronounced, Ba/Al is very similar to Holocene values and varies erratically. Si/Al values are less than the Holocene Amazon Fan results and weakly correlated with Ba/Al. P/Al values are similar to today and there is no correlation with Ba/Al. Therefore, there is no evidence for short-term productivity variations. K/Al and Ti/Al are low and essentially constant, suggesting less illite and/or heavy minerals compared to the late Miocene to Holocene sediments.
Oligocene/Miocene Boundary
In Cores 154-926B-50X and 51X the average Ba/Al values are greater than the Holocene siliciclastic values, suggesting higher average productivity than today (Fig. 6) . Biogenic silica was not identified in these cores on board, but small quantities of diatoms, radiolaria, silicoflagellates, and sponge spicules were recorded from the overlying core. Pore-water SiO 2 is distinctly elevated at this level in Hole 926B, suggesting that Si/Al values have been lowered due to silica dissolution (Curry, Shackleton, Richter, et al., 1995) . The weak, although significant, correlation of Ba/Al with Si/Al and P/Al (Fig.  6 ), suggests that all three relate to productivity variations. Maximum productivity apparently occurred during maximum burial/preservation of carbonate. Spectral analysis reveals regular 1-m variations in all these parameters as well carbonate contents from Ca/Al (Fig. 7) . The cyclicity corresponds to indirect control by the 40,000-yr (obliquity) orbital-climatic cycles (Weedon et al., this volume) . K/Al and Ti/Al show the same patterns as found in the middle Miocene.
Mid-Oligocene
Two data sets have been generated for mid-Oligocene strata, although the time intervals represented are slightly different (Table 1) . In Core 154-926B-64X, Ca/Al and hence carbonate contents vary regularly with a wavelength of about 1 m, which is indicative of 40,000-yr cyclicity (Figs 8, 9; Weedon et al., this volume) . Ba/Al, Si/ Al, and P/Al mostly exceed Holocene values and show strongly correlated, regular cyclicity (Fig. 8) . No biosiliceous material has been described from the core, but high pore-water silica implies dissolution of biogenic material. Again, increased productivity with maxima coincident with maximum carbonate burial/preservation is indicated. K/Al and Ti/Al show values similar to results from the middle Miocene and Oligocene/Miocene boundary.
The same patterns as seen in Core 154-926B-64X are also observed in Core 154-929A-47X (Fig. 10) . However, while variations in Ba/Al are strongly correlated with Si/Al and P/Al, regular cyclicity cannot be demonstrated rigorously for Si/Al (Fig. 11) . Nevertheless, pore-water silica concentrations are high, and radiolaria and diatoms form a significant portion of the underlying core. Average Si/Al values are also much higher than any other intervals examined. Thus, regularly varying high productivity is indicated for this deep-water site. Aside from a small interval of relatively high K/Al at the top of the core, K/Al and Ti/Al values are again near-constant and lower than the late Miocene results.
SUMMARY AND CONCLUSIONS
Despite the potential problems connected with the interpretation of elemental ratios in terms of the controlling factors and mineralogy, a clear pattern emerges from the results. As demonstrated during Leg 154, illite concentrations in the clastic fraction, as indicated by K/Al, were low from the mid-Oligocene to the middle Miocene. Increased illite proportions in the clastic fraction occurred in the latest Miocene. The similar behavior of K/Al and Ti/Al over tens of millions of years, as well as covariation in the late Miocene, might relate to changing clay mineralogy and/or heavy mineral proportions. These changes were probably associated with the growth of the Amazon Fan and an increased flux of siliciclastic material towards the Ceara Rise. This probably coincided with the demise of the South American seaways (Rasanen et al., 1995) . If the long-term changes in Ti/Al relate to heavy mineral proportions rather than clay mineralogy, then it might imply a change in sediment provenance that is connected to the derivation of sediment from the Andes rather than more local sources.
Average Ba/Al, Si/Al, and P/Al values suggest much higher average productivity in the late early Oligocene and at the Oligocene/Miocene boundary when compared to today. The short-term correlation of Si/Al with Ba/Al and P/Al in the mid-Oligocene and Oligocene/ Miocene boundary shows that the biosiliceous material in the sediment is related to higher productivity and not just preservation. Therefore, the low values of pore-water silica and less common siliceous microfossils in sediments from the early and middle part of the late Oligocene imply that the two periods of increased productivity were separated by a period of lower average productivity. Curry, Shackleton, Richter, et al. (1995) , suggested that the changes in deepwater circulation patterns, in both the early Oligocene and latest Oligocene/earliest Miocene, would account for these episodes of increased productivity.
The current data also show that productivity varied on a 40,000-yr time scale in the mid-Oligocene and at the Oligocene/Miocene boundary. Maximum productivity occurred during the peak of carbonate burial and minimum carbonate dissolution. Considering the strength of this 40,000-yr (orbital-obliquity) cycle and the lack of ev- idence for a 20,000-yr component, the mechanism responsible for these short-term variations must have involved high-latitude climatic processes that affected, for example, bottom-water formation. (Table 4) indicate that all of these elemental concentrations are related to the proportions of siliciclastic minerals, especially clays. The inverse relationship between Ca and Al partly results from varying proportions of calcium carbonate and clay minerals. However, the scatter around this relationship probably results from the presence of calcium in certain clays. Figure 4 . Plot of all the elemental ratios generated for Site 926 (Table 1) . Results for Holocene Amazon Fan hemipelagic silty clay from Site 942 (Flood, Piper, Klaus, et al., 1995) (Fig. 1 ). There is a strong correlation between Ba/ Al and Ca/Al (N = 97, r = 0.79), P/Al (r = 0.79), and Si/Al (r = 0.81; P < 0.0001 for all correlations). These results imply strong productivity variations. Average Si/Al values are especially high in this core when compared to the other cores examined, which suggests significantly higher productivity than the Holocene. 
